Shipworms play critical roles in recycling wood in the sea and in shaping mangrove habitats. Symbiotic bacteria supply the enzymes that they need for nutrition and wood degradation. Here, we show that the same nutritional symbionts also have an immense capacity to produce a multitude of diverse and likely novel bioactive secondary metabolites. The compounds likely support the ability of shipworms to degrade wood in marine environments and include a compound under investigation for its therapeutic potential. Because many of the symbionts can be cultivated, they provide a model for understanding how secondary metabolism impacts microbial symbiosis in animals.
complex metabolism than can be afforded by a single symbiont strain. We analyzed sequences from 22 shipworm gill metagenomes from seven shipworm species and compared them with the genomes of 23 cultivated bacterial isolates from shipworm gills. Limiting our analyses to well-characterized biosynthetic gene families, we found more than 400 polyketide, nonribosomal peptide, and related biosynthetic gene clusters, only a handful of which resemble known ones, comprising over 100 gene cluster families (GCFs). Only four GCFs are found in all specimens investigated. Several GCFs exhibited a host species-specific distribution, but most occurred stochastically. Shipworms and their symbionts thus provide a model system for understanding the role of secondary metabolism in symbioses.
Introduction
Shipworms (Family Teredinidae) are bivalve mollusks found throughout the world's oceans (1, 2) . Many shipworms eat wood, assisted by cellulases from intracellular symbiotic γproteobacteria that inhabit their gills (Figure 1 ) (3) (4) (5) (6) . Others use sulfide metabolism also relying on gill-dwelling γ-proteobacteria for sulfur oxidation (7) . Shipworm gill symbionts of several different species are thus essential to shipworm nutrition and survival. One of the most remarkable features of the shipworm system is that wood digestion does not take place where the bacteria are located, so that the bacterial cellulase products are transferred from the gill to a nearly sterile cecum (8) , where wood digestion occurs (Figure 1) (9) . This enables the host shipworms to directly consume glucose and other sugars derived from wood lignocellulose and hemicellulose, rather than the less energetic fermentation products of cellulolytic gut microbes as found in other symbioses. Shipworm symbionts are also essential for nitrogen fixation in the low-nitrogen wood environment (10) . Thus, shipworms have evolved structures and mechanisms enabling bacterial metabolism to support animal host nutrition.
While in many nutritional symbioses the bacteria are difficult to cultivate, shipworm gill symbiotic γ-proteobacteria have been brought into stable culture (5, 11, 12) . This led to the discovery that these bacteria are exceptional sources of secondary metabolites (13) . Of bacteria with sequenced genomes, the gill symbionts Teredinibacter turnerae T7901 and related strains are among the richest sources of biosynthetic gene clusters (BGCs), comparable in content to famous producers of commercial importance such as Streptomyces spp. (12) (13) (14) (15) . This implies that shipworms might be a good source of new compounds for drug discovery. Of equal importance, the symbiotic bacteria are crucial to survival of host shipworms, and bioactive secondary metabolites might play a role in shaping those symbioses.
The genome sequence of T. turnerae T7901 revealed nine complex polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) BGCs (13) , and more comprehensive analysis identifies up to 14 potential BGCs. One of these was shown to produce a novel catecholate siderophore, turnerbactin, which is crucial in obtaining iron and to the survival of the symbiont in nature (16) . A second BGC synthesizes the borated polyketide tartrolons D/E, which are antibiotic and potently antiparasitic compounds (17) . Both were detected in the extracts of shipworms, implying a potential role in producing the remarkable near sterility observed in the cecum (8) . These data suggested specific roles for secondary metabolism in maintaining shipworm function.
T. turnerae T7901 is just one of multiple strains and species of γ-proteobacteria living intracellularly in various shipworm gills (3, 11) , and thus these analyses just begin to describe shipworm secondary metabolism. Many shipworm species are generalists, consuming wood from a variety of sources (1, 18) . Other wood-eaters, such as Dicyathifer mannii, Bactronophorus thoracites, and Neoteredo reynei, are specialists that live in the submerged branches, trunks and rhizomes of mangroves (19, 20) . There, they play an important role in ecological processes in mangrove ecosystems, i.e. transferring large amount of carbon fixed by mangroves to the marine environment (18) . Several shipworm species, such as Kuphus polythalamius, live in other substrates. K. polythalamius often is found in sediment habitats (as well as in wood) where its gill symbionts are crucial to sulfide oxidation and carry out carbon fixation (7) . K. polythalamius lacks significant amounts of cellulolytic symbionts such as T. turnerae, and instead contains Thiosocius teredinicola, which oxidizes sulfide and generates energy for the host (21). Other shipworms are found in solid rock and in seagrass (22, 23) . Thus, gill symbionts vary, but in all cases the symbionts appear to be essential to the survival of shipworms.
While the potential of T. turnerae as an unexplored producer of secondary metabolites has been described (13, 15) , the capacity of other shipworm symbionts is still largely unknown. Moreover, several pieces of data indicate that the BGCs found in cultivated isolates might also be found in shipworm gills, but their presence, distribution and variability in nature are unknown. Previous data include the detection of tartrolons and turnerbactins and their BGCs in shipworms (16, 17) ; an investigation of four isolate genomes and one metagenome that observed shared pathways (24); also an exploratory investigation of the metagenome of N. reynei gills and digestive tract led to the detection of known T. turnerae BGCs as well as novel clusters (25). These findings left major questions about the origin, abundance, variability, distribution, and potential roles of shipworm secondary metabolites. Here, we use a comparative metagenomics approach to answer these questions.
Results and Discussion
Genomic data from shipworms and their symbiotic bacteria. Cellulolytic T. turnerae is relatively rich in secondary metabolism in comparison to sulfide-oxidizing T. teredinicola. Therefore, for this analysis we selected six species of wood-eating shipworms, comparing these to a seventh sulfide-oxidizing species, K. polythalamius. We compared gill metagenomes from 22 specimens comprising seven animal species with the genomes of 23 cultivated bacteria isolated from shipworms (Table S1 ).
Of the animals obtained, we analyzed three specimens each of Bactronophorus thoracites, Kuphus spp., Neoteredo reynei, and Teredo sp., two specimens of Bankia sp., and five specimens of Bankia setacea. These animals were divided into three geographical regions ( Figure 1 ): the Philippines (B. thoracites and D. mannii from Infanta, Quezon; Kuphus spp. from Mindanao and Mabini); Brazil (N. reynei from Rio de Janeiro, Teredo sp., and Bankia sp. from Ceará); and the United States (B. setacea). The purpose of sampling this range was to determine whether there are any geographical differences in gill symbionts. Most of the shipworms were obtained from mangrove wood, with the exception of B. setacea from unidentified found wood, and Kuphus spp. from both found wood and mud.
The gill metagenomes of two specimens of mud-dwelling K. polythalamius from Mindanao were previously sequenced (7) . Here, we sequenced and analyzed gill metagenomes from a third wood-burrowing Kuphus sp. specimen from Mabini. Since the taxonomy of this specimen has yet to be fully resolved, we have not provided a species name for this specimen. Nonetheless, its metagenome was very similar to that of the mud dwelling K. polythalamius (see below). B. setacea was sequenced by the JGI with low coverage. The remaining specimens from the Philippines were sequenced at Utah with highest coverage data (HiSeq), while Brazilian specimens were sequenced in Brazil and are intermediate in coverage (MiSeq) (see Table S1 for metagenome statistics). Because of their lower coverage, B. setacea sequences were used only in a subset of the analyses described below.
γ-Proteobacteria of Orders Cellvibrionales (Teredinibacter and allies) and Chromatiales (Thiosocius and allies) are described symbionts that live intracellularly in the gills of shipworms. We selected 23 cellulolytic and sulfur-oxidizing isolates cultivated from shipworm tissue samples. Some of the strains were previously isolated, while others originated in our recent sample collections (Table S2 ). For comparison, we also included Agarilytica rhodophyticola 017 (26) (Ga0198945), a free-living bacterium that is closely related to shipworm strains and that has a sequenced genome. The strains were sequenced at the JGI. Six of these circular genomes were closed, while remaining assemblies had between 2-141 scaffolds (see Table S2 for strain data and accession numbers). Two of these genomes, T. turnerae T7901 and T. teredinicola 2141T, were previously described (13, 21) . Examination of 16S rRNA gene sequences of the cultivated strains allowed us to identify the isolates with genomes most similar to those identified in metagenome sequences (Figures 2A and S1; Table S2 ). Of these, 3 are cellulolytic symbionts, while 2 consist of sulfide-oxidizing symbionts. Crucially, 11 of the strains, belong to a single species, T. turnerae.
Each shipworm gill sample is dominated by 1-3 major bacterial species, with a large underlying strain variation. Metagenome sequencing was used to determine which bacterial species inhabit each shipworm gill. After initial analysis, we found that most of the metagenomic DNA from bacteria could be mapped to genome sequences from individual strains in our culture collection. Read counts were used to quantify the abundance of each species within each gill sample. This enabled us to accurately quantify the major symbiont species with high confidence. For this analysis, we removed B. setacea, which had low read coverage, and focused on the six species with good coverage (Fig. 2B ).
Each shipworm gill metagenome is dominated by one to three bacterial species, which are represented by cultivated isolates that we obtained from those same species. Three shipworm species are dominated by a single bacterial species, while three others have mixed symbiont communities. As previously reported, Kuphus spp. is dominated by the sulfur-oxidizer T. teredinicola, and N. reynei is dominated by the cellulolytic bacterium T. turnerae ( (7, 25) . B. thoracities is dominated by strain 2753L. In contrast, Brazilian shipworms Bankia sp. and Teredo sp. contain mostly T. turnerae, but they also harbor species closely related to Cellvibrionales strain 1162T. D. mannii has the most diverse community, containing a mixture of T. turnerae and Cellvibrionales strain 2753L, and a significant fraction of the sulfide oxidizing symbiont Chromatiales strain 2719K. In the metagenomes of all shipworm gills, there is also a complex mixture of minor, variable bacterial strains (~1-15% of total reads, Fig. 2B shown in gray). Thus, the shipworm gill is a relatively simple system, dominated by a few species of intracellular symbiotic bacteria that are crucial to host nutrition and survival.
Underlying this simplicity, for each bacterial species present in a sample, there are multiple strain variants. We measured the prevalence of these variants using a previously reported method in which we look at single nucleotide polymorphisms in conserved genes such as DNA gyrase B at the individual read level ( Figure S2) (7) . The results are very similar to our previous report of bacterial strain variation in the gill metagenomes of K. polythalamius. The presence of multiple, closely related strain variants adds to the complexity of secondary metabolite pathways found in each host organism, since in each animal gill there are many more biosynthetic pathways than are found in individual sequenced isolates (see below).
The symbiont mixtures are representative of the animal lifestyles. K. polythalamius appears to thrive entirely on sulfide oxidation (7) , as required in its sediment habitat, while the other shipworms contain various cellulolytic bacteria responsible for wood degradation. D. mannii likely has a more complex lifestyle, since it contains the sulfur-oxidizing bacterium strain 2719K and the cellulolytic species T. turnerae and strain 2753L. More complete descriptions of these symbioses will be published in articles focused on individual shipworm species, while here our focus is on analysis and comparison of secondary metabolism.
Shipworm symbionts and gill metagenomes are unusually rich in complex secondary metabolite pathways. The program antiSMASH (27) was used to comb the genomes for secondary metabolite BGCs. We refined the antiSMASH output to focus on BGCs that are well characterized to encode secondary metabolites: polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPSs), siderophores, terpenes, homoserine lactones, and thiopeptides. Using these criteria, we identified 168 BGCs from 23 cultivated isolates and 401 BGCs from 22 shipworm gill metagenomes ( Fig. 3 ). Because the genomes of cultivated isolates were well assembled, we could discern and analyze entire BGCs. By contrast, the animal metagenomes contained some large but many smaller contigs (N50s shown in Table S1 ), in which BGCs were often fragmented.
These BGCs nearly universally originate from Order Cellvibrionales, with very few BGCs found in the sulfide oxidizing strains Chromatiales. Thus, the cellulolytic shipworm symbionts are rich sources of diverse BGCs. We found only five BGCs that were similar to previously identified clusters from outside of shipworms, based upon >70% of genes conserved in antiSMASH. The remainder appeared to be unknown or uncharacterized BGCs. This result reinforces that shipworm symbiotic bacteria are promising sources of new bioactive molecules. It further supports a previous analysis comparing genomes across domain Bacteria, which revealed that T. turnerae represents a notably rich, yet nearly untapped, source of new secondary metabolite genes (15) .
To facilitate comparison between metagenomes, we grouped BGCs into gene cluster families (GCFs). This is a method that compares groups of genes that are all involved in a particular pathway, rather than comparing individual genes (28, 29). We set an identity threshold defined in "Methods," leading to the identification of 122 GCFs comprising all 569 discrete BGCs in the genomes and metagenomes combined ( Fig. 4 and Table S3 ). Given that these GCFs originated in a small handful of bacterial species, this is a large number that reinforces the role of strain variation in generating chemical diversity in shipworm gills.
A caveat is that we ignored antiSMASH hits from poorly characterized or uncharacterized biosynthetic pathway families, so that 122 GCFs represents a very conservative estimate of the chemical diversity present in shipworm gills. By paring down the genes to be analyzed to a set of well characterized BGCs, comparison became possible, but we also potentially missed some interesting pathways. As one example, we analyzed the genome of Chromatiales strain 2719K and discovered a gene cluster for tabtoxin (30, 31) or related compound ( Fig. 5 ). This cluster does not contain common PKS/NRPS elements and thus was excluded from the comparative analysis (for example, it is not a defined GCF as shown in Figures 4, 6, or 7) . A key biosynthetic gene in the tabtoxin-like cluster was pseudogenous in strain 2719K, but the D. mannii gill metagenome contained an apparently functional pathway. Tabtoxin is an important β-lactam that is used by Pseudomonas in plant pathogenesis (32). Since tabtoxin prevents glutamine synthesis and leads to the accumulation of toxic ammonia in plants (33), it is tempting to speculate on how tabtoxin might impact this symbiosis, perhaps improving access to nitrogen.
Another caveat is that, although we identified a large number of GCFs from a small specimen set, even this is an underestimate. B. setacea metagenomes from Ocean Genome Legacy were included in our analysis for comparison, but they are vastly undersampled in comparison to the other species due to low sequence coverage, and thus we are missing most of their BGCs in the analysis.
Cultivated isolate GCFs are abundant components of the source gill metagenomes.
We compared BGCs and GCFs between shipworms and bacteria. Of 401 BGCs identified in the metagenomes, 305 of them also had close relatives in cultivated isolates, indicating that ~75% of BGCs in the metagenomes are covered in our sequenced culture collection ( Fig. 3 ). Conversely, of 168 isolate BGCs, 148 (90%) of them are found in the metagenomes. Thus, sequencing further cultivated isolates in our strain collections is likely to yield additional novel BGCs.
Only 8 GCFs are widely distributed in 10 or more isolates, and these are mostly pathways that are universal or nearly universal in T. turnerae, which is overrepresented in our data set (Figs. 6 and 7). By contrast to isolate genomes in which we found many GCFs that occur in only a single genome, in the metagenomes most GCFS are found in multiple specimens. Only 24 out of 107 total GCFs are found only once in metagenomes ( Fig. 4 ). Since different shipworm species in our specimen collection contain different groups of bacteria, this result reinforces the need to sample more individual specimens across the diversity of shipworm species to optimize the discovery of bioactive secondary metabolites.
To obtain a more refined view of BGC distribution, we first used the MultiGeneBlast (28) output to construct a similarity network (Fig. 6 ). The network provided an easily interpretable diagram of how GCFs are distributed in bacteria. However, two notable problems were observed in this diagram. First, from experience we have found the tartrolon BGC in nearly all T. turnerae strains. However, this BGC was observed in only a few of the T. turnerae-hosting shipworms via MultiGeneBlast. This is caused by a technical problem in assembly that we often see with large trans-AT pathways from complex samples. Second, because this method relies upon comparing larger contigs, we could not include the low-coverage B. setacea sequences from JGI in this analysis.
To remedy these problems, we used a second method that obtained GCFs from cultivated isolates and used those GCFs in tBLASTn searches of metagenome contigs (Fig. 7) . This provided an orthogonal view of secondary metabolism in shipworms, revealing the presence of the tartrolon pathway, as well as other pathways that do not assemble well in metagenomes because of characteristics such as repetitive DNA sequences. It also enabled us to compare B. setacea with the other species. A weakness of this second method is that the closeness of relationships between BGCs is not readily discerned in terms of sequence similarity and genes present. Thus, these two methods provide different insights into BGCs in shipworm gills.
Using those data, focusing on the six shipworm species with good sequencing coverage, we could observe clear trends of widely shared GCFs, GCFs that were specific to shipworm and symbiont species, and stochastically occurring GCFs.
Widely shared GCFs. Four pathways (GCF_2, GCF_3, GFC_5, and GCF_8) were prevalent in wood-eating shipworms, regardless of sample location (Figs. 6 and 7). These GCFs were encoded in the genomes of T. turnerae and those of several other Cellvibrionales isolates (especially the pathway-rich 2753L), explaining their widespread distribution.
GCF_2 encodes a NRPS / trans-acyltransferase (trans-AT) PKS pathway, the chemical products of which are unknown. It is found in all shipworm specimens in this study and in all T. turnerae strains. It is also present in Cellvibrionales strain 2753L. This explains its presence in B. thoracites despite the absence of T. turnerae in this species. GCF_2 is synonymous with "region 3" described in the annotation of the T. turnerae T7901 genome (13) .
The most prominently occurring pathway in shipworm gill metagenomes is GCF_3. It was identified in all gill metagenomes with cellulolytic symbionts, including the metagenomes of specimen B. setacea BSG2. It occurs in all T. turnerae strains, as well as in Cellvibrionales strains 2753L and Bs08. It was first annotated as "region 1" in the T. turnerae T7901 genome and encodes an elaborate hybrid trans-AT PKS-NRPS pathway (13) . Unlike all other GCFs identified in shipworm metagenomes and isolates, GCF_3 could be subdivided into at least three discrete categories, each of which included different gene content (Fig. 8 ). The first category, identified in T. turnerae T7901, encodes a PKS and a single NRPS, in addition to several potential modifying enzymes. Strain Bs08 contains a similar pathway, except with an additional two NRPS genes that presumably lead to additional amino acids on the resulting product. Cellvibrionales 2753L encoded the third pathway type, which was similar to that found in T7901 except with different flanking gene content. The presence of a single GCF that encodes similar but nonidentical products suggests a dynamic pathway evolution within shipworms.
GCF_5 encodes a combination of terpene cyclase and predicted arylpolyene biosynthetic genes, which were unrecognized in the initial BGC screening of T. turnerae T7901 genome, since the arylpolyene pathways are recent discoveries. The GCF_5 biosynthetic product is unknown, although the cyclase and surrounding regions have all of the genes necessary to make and export hopanoids. In addition to occurring in all T. turnerae strains, GCF_5 is present in Cellvibrionales strains 1120W and 2753L. The pathway was detected in all wood-eating specimens except Teredo sp. TBF07 (Fig. 8 ).
GCF_8 is exemplified by the previously described turnerbactin BGC, from T. turnerae T7901. Turnerbactin is a catecholate siderophore, crucial to iron acquisition in T. turnerae (16) . The BGC for turnerbactin was previously identified and described as "region 7" in the T. turnerae T7901 genome. GCF_8 is present in all T. turnerae genomes sequenced here. Other Cellvibrionales strains, including 2753L from B. thoracites and Bs08 from B. setacea (neither of which contains T. turnerae), also encode turnerbactin-like siderophore synthesis. One specimen of B. thoracites contained GCF_8. Beyond bacterial iron acquisition, siderophores are also important in strain competition and potentially in host animal physiology (34, 35), possibly explaining the widespread distribution of GCF_8. From the clustering pattern in Figure 6 , it is likely that GCF_8 comprises at least three different, but related types of gene clusters. Thus, GCF_8 likely represents catecholate siderophores, but not necessarily turnerbactin.
Important GCFs widely distributed in T. turnerae-containing shipworms.
In addition to the four GCFs described above that have a wide distribution, GCFs 1, 4, and 11 were found in all T. turnerae-containing shipworms. GCF_1 is a trans-AT PKS-NRPS pathway that appears to be split into two clusters in some shipworm isolates, including T. turnerae T7901, in which it was previously annotated as "region 4" and "region 5". GCF_4 is the previously described "region 8" PKS-NRPS from T. turnerae T7901. Most notably, GCF_11 encodes tartrolon biosynthesis (17) . Tartrolon is an antibiotic and potent antiparasitic agent isolated from culture broths of T. turnerae T7901 (17, 36, 37) . It has also been identified in the cecum of the shipworm. It was proposed that the bacteria synthesize tartrolon in the gill, and it is transferred to the cecum where it may play a role in keeping the digestive tract free of bacteria (17) .
GCFs specific to shipworms containing strain 2753L-like symbonts. D. mannii and B. thoracites contain abundant 2753L-like strains. Like T. turnerae T7901, the 2753L isolate genome encodes GCFs 2, 3, and 5. However, 2753L contains several GCFs not found in T. turnerae, including GCFs 6, 10, 12, 13, 14, 16, 30, and 31 (listed in order of their relative frequency of occurrence in samples). All of these GCFs are also found in D. mannii and B. thoracites gill metagenomes. These are PKS and NRPS clusters that lack close relatives according to antiSMASH annotation and thus have a potential to synthesize novel secondary metabolite classes.
GCFs specific to strain 1162T-like symbionts in shipworms from Brazil. All three Brazilian shipworm species contain symbiont genomes similar to our cultivated isolate, 1162T. This is likely due to the species sampled and not to geographical variation, since we obtained 1162T from a Philippines specimen of Lyrodus sp. In Bankia sp. and Teredo sp., where strain 1162T-like symbionts are a major component, there are several unique GCFs that originate in the strain 2753L-like symbionts (Fig. S4B ). Because the strain 2753L-like symbiont from Brazil metagenomes is relatively distantly related to the cultivated isolate and has little overlap in terms of BGCs, we could not identify most of those full-length BGCs in the cultivated isolates. Thus, if these trends hold up through further sampling, strain 1162T-like symbionts may exhibit the high level of chemical diversity similar to what is found in strain 2753L-like genomes. In addition, when comparing the metagenomes of Bankia sp. and Teredo sp., it is clear that the 1162T-like symbionts are not identical in these two shipworm species, and that they may likely harbor different GCFs.
GCFs specific to sulfur oxidizing shipworm symbionts. Kuphus and its symbionts contained relatively few BGCs, but strikingly two NRPS-containing GCFs have been universally found in the shipworm associated sulfide-oxidizing species T. teredinicola. One of these, GCF_17, is shown in Fig. 7 , where it is found in the symbiont metagenomes of Kuphus and D. mannii. It is clear that the cellulolytic symbionts are much richer in BGCs, and in addition the BGCs vary much more extensively.
Stochastic pathway occurrence in shipworm gills. Many pathways in both genomes and metagenomes were found only once or occurred relatively rarely, so that trends could not be discerned. In Fig. 7 , only 18 GCFs found in more than one species of shipworm are displayed. The remaining 114 GCFs occur rarely or only once. This indicates that most biosynthetic pathways occur stochastically. This trend is reinforced in Fig. 6 , where most GCFs in the diagram occur only once (single, unlinked spots). While several biosynthetic pathways are conserved and thus likely have an important conserved role in the symbiosis, most are not conserved. Further sampling of shipworm specimens, species, and cultivated isolates will yield many further, unanticipated BGCs.
Variability in conserved shipworm GCFs increases potential compound diversity. Even among conserved GCFs, there is variability in some of the pathways. This can be observed in the BGC network, where the relationships between clusters can be graphically observed. (Fig. 6 ). For some of these pathways, we could observe differences in gene content consistent with different chemicals that would be produced. Examples include the universal GCF_3 and siderophore pathway GCF_8 described above.
Discussion. Marine invertebrates often use small molecules in chemical defense (38) . The suite of defensive chemicals in an individual animal is usually fairly simple. The production of potently bioactive compounds in large abundance (>0.1% of animal dry weight) has enabled the discovery of tens of thousands of compounds, some of which are clinically used drugs (39) . Because many of the compounds resemble bacterial metabolites, chemists speculated that the true origin of compounds might be bacterial. Later work relying on genetics and metagenomics identified uncultivated bacteria as key producers of defensive metabolites (40, 41) . The symbioses appear to be obligate and species-specific. To date, none of these defensive symbionts has been stably cultivated, possibly because of the long reliance on host metabolism.
On the other end of the spectrum, humans also contain many bacteria that produce potentially bioactive secondary metabolites (15, 42) . Most of these have cultivated representatives. The bacteria are not obligate and are highly variable within our species. Because the resulting compounds are likely present in low abundance within a very complex microbiota, it is difficult to study the biology of secondary metabolism in humans.
Here, we describe a symbiotic system that is intermediate between these two extremes. The story began with the biology of shipworms, in which cellulolytic bacteria were long known to specifically inhabit gills and hypothesized to be the cause of an evolutionary path that leads to wood-specialization in most of the family, along with drastic morphophysiological modifications (1, 5, 43) . These symbionts could be cultivated, although only recently have we been able to sample the full spectrum of major symbionts present in gills. The unexpected finding that T. turnerae T7901 was exceptionally rich in BGCs -proportionately denser in BGC content than Streptomyces spp. (13, 15 ) -led us to investigate shipworms as a source of new bioactive compounds. Like a considerable portion of the human microbiota, shipworm symbionts are amenable to cultivation. Here, we show that, like defensive symbioses in several marine invertebrates, the gill microbiota is relatively simple, leading to a relatively defined suite of potential metabolites. The BGCs in cultivated isolates are faithfully found as major pathways within the shipworm gill metagenome. The ability to experimentally manipulate the gill community will provide a good system to understand the role of secondary metabolism in animal symbioses.
Only four GCFs are widely conserved in cellulolytic shipworms. Two of these pathways have obvious potential roles in symbiosis. Siderophores such as turnerbactin are important in sequestering iron, but they are also widely used in bacterial competition (34, 35) . Hopanoids are known to be important in symbiosis (44) . Two of the pathways (GFC_2 and GCF_3) are exciting in terms of new chemistry and biology. These encode very complex biosynthetic pathways to trans-AT polyketides (45) . Such compounds are often potently active against human disease targets. In symbioses between fungi and bacteria, trans-AT PKS products are highly toxic and likely defend the holobiont from predation (46) . Thus, isolation of these compounds is a priority of our project.
Many pathways are specific to certain clades of shipworm symbionts, and therefore to the host animals that harbor them. These also encode very complex metabolites, most of which are polyketides, nonribosomal peptides, or hybrids of the two. There are many other such complex pathways beyond the PKS/NRPS, including tabtoxin-like pathways in specific shipworms. Most of these have yet to be characterized, with the exception of the tartrolon D/E pathway that is found in many T. turnerae-containing shipworms. Tartrolons are picomolar antiparasitic compounds (37), implying that they may be important in shaping the microbial environment in hosts. The specificity of BGCs to host types suggest that these pathways are important to the biology of symbiosis.
Finally, there is a large degree of stochastic occurrence of biosynthetic pathways. Chemical defensive theory suggests that differentiation or diversity of secondary metabolites increases fitness (47) . This may be especially important in highly biodiverse environments such as those found in mangrove habitats. This experimental system will enable us to examine the effects of these variable BGCs, as well as the common/universal BGCs, on the biology of the shipworm hosts.
In summary, here we show that the biosynthetic richness of cultivated shipworm symbionts is also found in the gills of the host animals. These results reveal potentially important chemical interactions that would affect a variety of marine ecosystems and a novel and underexplored source of bioactive metabolites for drug discovery.
Methods
Collection and processing of biological material. Shipworm samples (Tables S1 and S2) were collected from found wood. Briefly, infested wood was collected and transported immediately to the laboratory or stored in the shade until extraction (< 1 day). Specimens were carefully extracted to avoid damage using woodworking tools. Extracted specimens were processed immediately or stored in individual containers of filtered seawater at 4 °C until processing. Specimens were checked for viability by siphon retraction in response to stimulation and observation of heartbeat, and live specimens selected. Specimens were assigned a unique code, photographed and identified. Specimens were dissected using a dissecting stereoscope. Taxonomic vouchers (valves, pallets, and siphonal tissue for sequencing host phylogenetic markers), were retained and stored in 70% ethanol. The gill was dissected, rinsed with sterile seawater, and divided for bacterial isolation and metagenomic sequencing. Once the gill was dissected it was processed immediately or flash-frozen in liquid nitrogen.
Bacterial DNA extraction and analysis. Teredinibacter turnerae strains (with T prefix) were isolated using the method described in Distel el al. 2002 (12) , while Bankia setacea symbionts (with Bs prefix) were obtained using the technique indicated in O'Connor et al. 2014 (9) . Sulfuroxidizing symbionts were isolated using the protocol specified in Altamia et al. 2019 (21) . For this study, additional T. turnerae and novel cellulolytic symbionts from Philippine specimens (with prefix PMS) were isolated (Tables S1 and S2). Briefly, dissected gill or ceca were homogenized in sterile 75% natural seawater buffered with 20 mM HEPES, pH 8.0 using a Dounce homogenizer. Tissue homogenates were either streaked on shipworm basal medium cellulose (5) plates (1.0% Bacto Agar) or stabbed into soft agar (0.2% Bacto Agar) tubes and incubated at 25 °C until cellulolytic clearings developed. Cellulolytic bacterial colonies were subjected to several rounds of restreaking to ensure clonal selection. Contents of soft agar tubes with clearings were streaked on fresh cellulose plates to obtain single colonies. Pure colonies were then grown in 6 mL SBM cellulose liquid medium in 16 × 150 mm test tubes until the desired turbidity was observed. For long-term preservation of the isolates, a turbid medium was added to 40% glycerol at 1:1 ratio and frozen at -80 °C. Bacterial cells in the remaining liquid medium were pelleted by centrifugation at 8,000 g and then subjected to genomic DNA isolation. The small-subunit ribosomal (SSU) 16S rRNA gene of the isolates was then PCR amplified using 27F and 1492R from the prepared genomic DNA and sequenced. Phylogenetic analyses of 16S rRNA sequences was performed using programs implemented in Geneious, version 10.2.3. Briefly, sequences were aligned using MAFFT (version 7.388) by using the E-INS-i algorithm. The aligned sequences were trimmed manually, resulting in a final aligned dataset of 1,125 nucleotide positions. Phylogenetic analysis was performed using FastTree (version 2.1.11) using the GTR substitution model with optimized Gamma20 likelihood and rate categories per site set to 20.
Genomic DNA used for whole genome sequencing of novel isolates and select T. turnerae strains were prepared using CTAB/phenol/chloroform DNA extraction method detailed in https://www.pacb.com/wp-content/uploads/2015/09/DNA-extraction-chlamy-CTAB-JGI.pdf. The purity of the extracted genomic DNA was then assessed spectrophotometrically using Nanodrop and the quantity was estimated using agarose gel electrophoresis. Samples that passed the quality control steps were submitted to Joint Genome Institute -Department of Energy (JGI-DOE) for whole genome sequencing. The sequencing platform and assembly method used to generate the final isolate genome sequences used in this study are detailed on Table S1 .
Metagenomic DNA extraction.
Gill tissue samples from Philippine shipworm specimens (Table S2) were flash-frozen in liquid nitrogen and stored at -80°C prior to processing. Bulk gill genomic DNA was purified by Qiagen Blood and Tissue Genomic DNA Kit using the manufacturer's suggested protocol.
Gill tissue samples from Brazil shipworm specimens were pulverized by flash-frozen in liquid nitrogen and submitted to metagenomic DNA purification by adapting a protocol previously optimized for total DNA extraction from cnidaria tissues (48, 49) . Briefly, shipworms gills were carefully dissected (taking care not to get intersections with other organs), submitted to a series of five washes with 3:1 sterile seawater / distilled water for removal of external contaminants, and macerated until powdered in liquid nitrogen. Powdered tissues (~150 mg) were then transferred to 2 mL microtubes containing 1 mL of lysis buffer [2% (m/v) cetyltrimethyl ammonium bromide (Sigma Aldrich), 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl (pH 8.0), with freshly added 5 μg proteinase K (v/v; Invitrogen), and 1% 2-mercaptoethanol (Sigma Aldrich)] and submitted to five freeze-thawing cycles (-80 °C to 65 °C). Proteins were extracted by washing twice with phenol:chloroform:isoamyl alcohol (25:24:1) and once with chloroform. Metagenomic DNA was precipitated with isopropanol and 5 M ammonium acetate, washed with 70% ethanol, and eluted in TE buffer (10 mM Tris-HCl, 1 mM EDTA). Metagenomic libraries were prepared using the Nextera XT DNA Sample Preparation Kit (Illumina) and sequenced with 600-cycle (300 bp paired-end runs) MiSeq Reagent Kits v3 chemistry (Illumina) at the MiSeq Desktop Sequencer.
Metagenome sequencing and assembly. Bankia setacea metagenomes were obtained from the JGI database (for accession numbers, see Table S1 ). Kuphus polythalamius gill metagenomes (KP2132G and KP2133G) were obtained from a previous study (7) . Metagenomes from Kuphus sp. specimen KP3700G and Dicyathifer mannii and Bactronophorus thoracites specimens were sequenced using an Illumina HiSeq 2000 sequencer with ~350 bp inserts and 125 bp paired-end runs at the Huntsman Cancer Institute's High Throughput Genomics Center at the University of Utah. Illumina fastq reads were trimmed using Sickle (50) with the parameters (pe sanger -q 30 -l 125). The trimmed FASTQ files were converted to FASTA files and merged using the Perl script 'fq2fq' in IBDA_ud package (51) . Merged FASTA files were assembled using IDBA_ud with standard parameters in the Center for High Performance Computing at the University of Utah. For metagenome samples from Brazil, all Neroterdo reynei gill metagenomic samples previously analyzed were re-sequenced here to coverage depth (25). Teredo sp. and Bankia sp. gill metagenomes were sequenced using Illumina Miseq. The raw reads were assembled using either the metaspades pipeline of SPAdes (52, 53) or IDBA-UD (51) . Raw reads were merged using BBMerge (54) . Non-merged reads were filtered and trimmed using FaQCs (55) . Both merged and processed non-merged reads were used in assembly using the metaspades pipeline.
Identification of bacterial sequences in metagenomic data. Assembly-assisted binning was used to sort and analyze trimmed reads and assembled contigs into clusters putatively representing single genomes using MetaAnnotator (56) . Each binned cluster was retrieved using Samtool (57, 58) . To identify bacterial clusters, genes for each bin were identified with Prodigal (59) . Protein sequences for bins with coding density >50% were searched against NCBI nr database with DIAMOND (60) . Bins with 60% of the genes hitting bacterial subject in the nr database were considered to originate from bacteria. Each bacterial bin was compared to the 23 shipworm isolate genomes using gANI and AF values (61) . With a cut-off of AF >0.6 and gANI >0.95, the bacterial bins from each metagenome were mapped to cultivated bacterial genomes. Bins that mapped to a single bacterial genome were combined into a mega-bin. Reads mapping to each mega-bin were retrieved using MetaAnnotator.
For metagenome samples from Brazil, structural and functional annotations were carried out using DFAST (62) , including only contigs with length ≥500 bp. All metagenomes were binned using Autometa (63) . First, each contig's taxonomic identity was predicted using make_taxonomy_table.py, including only contigs ≥1000 bp. Predicted bacterial and archaeal contigs were binned (with recruitment via supervised machine learning) using run_autometa.py.
Building BGC similarity networks. BGCs were predicted from the bacterial contigs of each metagenome and from cultivated bacterial genomes using antiSMASH 4.0 (27). From the predictions, only BGCs for PKSs, NRPSs, siderophores, terpenes, homoserine lactones, and thiopeptides (as well as combinations of these biosynthetic enzyme families) were included in succeeding analyses. An all-versus-all comparison of these BGCs was performed using MultiGeneBlast (28) following the protocol previously reported (64) . Bidirectional MultiGeneBlast BGC-to-BGC hits were considered to be reliable. In metagenome data, some truncated BGCs only showed single-directional correlation to a full length BGC. Those singledirectional hits were refined as follows: protein translations of all coding sequences from the BGCs were compared in an all-versus-all fashion using blastp search. Only protein hits that had at least 60% identity and at least 80% coverage to both query and subject were considered as valid hits. A single-directional MultiGeneBlast BGC-to-BGC hit was retained if there were at least n-2 number of proteins (n is the number of proteins in the truncated BGC) passing the blastp refining. The remaining MultiGeneBlast hits were used to construct a network in Cytoscape (65) . Finally, each BGC cluster (GCF) that has relative low number of bidirectional correlations were manually checked by examining the MultiGeneBlast alignment.
Occurrence of GCFs in metagenomes.
Based on the GCFs identified in previous step, the core biosynthetic proteins from each GCF were extracted and queried (NCBI tblastn) against each metagenome assembly. A threshold of query coverage of >50% and identity > 90% was applied to remove the nonspecific hits, and the remining hits, in combination with the MultiGeneBlast hits, were used to make the matrix of GCFs occurrence in metagenomes. Adamek Table S3 for a complete list of GCFs used in this figure. For example, GCF_5 occurs in two out of three Teredo sp. specimens. When the number is greater than 1, as found with GCF_3, this results from having more than one of the gene cluster types present in the metagenome (see Fig. 8 ). When the number equals 1, the GCF is found in all specimens sampled. These data were compiled from analysis of GFCs in individual bacterial strains and samples (see Fig. S4 ).
Figure 8.
Three types of GCF_3 gene clusters are distributed in all cellulolytic shipworms in this study. tBLASTx was used to compare the clusters, demonstrating the presence of three closely related GCF_3 gene families found in all cellulolytic shipworm gills.
Supporting Information.
Supporting Tables: See attached docx files for Tables S1-S3 . Figure S1 . Phylogeny of shipworm gill symbionts and related free-living bacteria based on approximate maximum-likelihood tree of 16S rRNA sequences. The tree was reconstructed using 1,125 nucleotide positions employing GTR substitution model in FastTree version 2.1.11 with optimized Gamma20 likelihood and rate categories per site set to 20. Support values are indicated for each node. The scale bar represents nucleotide substitution rate per site. Cultivatable shipworm symbionts and related bacteria are in boldface. The excerpted version of this tree is shown in Figure 2A . Figure S2 . Strain variation in shipworm gill symbiont bacterial species. This figure was made as previously reported for Kuphus symbionts (7) , using DNA gyrase B in 10 bp frames and examining SNP variation. Different colors indicate reads with different SNPs along the gyrase sequence. The specific example shown is from the gill of B. thoracites specimen 2771. The results indicate that, even though Cellvibrionales 2753L is the major species present in B. thoracites 2771, there are at minimum 2 major and 4 minor strain variants related to 2753L. The y-axis represents number of reads observed, while the x-axis indicates each 10 bp region. Figures 3, 4 , 6, and 7. A) representative alignment of GCF_3 from genomes and metagenomes. Three subtypes were indicated by red blue and green colors; for example, the NR03 metagenome contains two copies of blue subtype. DM2858G and DM2722G contain blue and red subtypes. B) alignment of GCF_2. C) alignment of GCF_5. D) alignment of GCF_8. Fig. 7 . A) GCFs found in bacterial strains. B) GCFs from individual shipworm specimens. Ga0198945  BS12  BS02  BS08  2052S  1162T  2719K  2141T  BSC2  BS31  T8602  991H  T7901  T0609  T8412  T8402  T8415  T7902  1133Y  T8513  1675L  1120W  2753L   GCF_8   GCF_3   GCF_11   GCF_9   GCF_1   GCF_4   GCF_5   GCF_2   GCF_22   GCF_33   GCF_119   GCF_17   GCF_25   GCF_77   GCF_31   GCF_14   GCF_6   GCF_10   GCF_30   GCF_16   GCF_12   GCF_13   GCF_122   GCF_117   GCF_76   GCF_79   GCF_74   GCF_106   GCF_105   GCF_66   GCF_58   GCF_60   GCF_120   GCF_113   GCF_51   GCF_49   GCF_50   GCF_35   GCF_80   GCF_114   GCF_75   GCF_34   GCF_52   GCF_27   GCF_115   GCF_24   GCF_73   GCF_7   GCF_116   GCF_20 GCF_23 
Figure S3. Representative alignments showing actual data underlying the clusters shown in

Figure S4. Occurrence of GCFs in individual samples, expanding what is shown in
A
